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1  Introduction 


Since  1986  the  Harry  G.  Armstrong  Aerospace  Medical  Research  Laboratory  (AAMRL)  has  been 
developing  technologies  for  sensory  feedback  involving  remote  robotic  systems.  Of  the  three  active 
areas  of  research  (coarse  positioning,  line  manipulation,  and  tactile  stimulation),  this  paper  inves¬ 
tigates  the  control  of  robotic  slaves  in  the  coarse  positioning  arena.  Specifically,  the  report  presents 
the  results  of  a  preliminary  research  effort  to  understand  the  limitations  of  exoskeletal  devices  when 
used  as  the  human  arm  interfaces  to  these  teleoperated  systems. 

To  quantify  the  performance  degradation  caused  by  these  exoskeletal  interfaces,  first  it  is  nec¬ 
essary  to  develop  baseline  data  for  future  comparisons.  The  baseline  studies  must  quantify  the 
degradation  caused  by  the  exoskeleton  without  adding  bias  from  the  particular  slave  robots  used. 
A  testbed,  coined  the  Force-Reflecting  Interfaces  to  Telemanipulators  Testing  System  (FITTS)[8], 
has  been  developed  at  AAMRL  to  perform  these  experiments.  With  the  FITTS,  the  degradations 
due  to  various  operator  interfaces  to  teleoperated  systems  may  be  compared  directly.  These  data 
may  also  be  compared  to  the  nondegraded  data  from  a  human  completing  the  same  tasks  hands-on. 

Before  presenting  results  of  the  preliminary  experiments  conducted  with  the  FITTS,  a  discussion 
is  given  about  the  increasing  need  for  subsystems-level  performance  measurement  of  teleoperated 
systems.  The  trend  towards  modular  robotic  designs  is  shown  to  demand  this  approach.  Next  a  brief 
description  of  the  FITTS  testbed  is  presented,  along  with  current  and  future  baseline  experiments 
to  be  conducted  at  this  facility.  Fitts’  Law,  the  metric  used  for  performance  comparisons,  is  then 
analyzed  in  detail.  Next  it  is  shown  that  these  tasks  can  also  be  viewed  as  dual  tasks,  with  the  first 
task  being  the  ballistic  motion  phase  of  the  peg  transfer  task,  and  the  second  being  the  accurate 
positioning  task  required  to  insert  the  peg  into  the  target  hole.  The  protocol  for  the  ureliminary 
experiments  is  then  given,  and  data  from  these  experiments  are  subsequently  presenter  Finally,  an 
analysis  of  these  data  is  conducted  and  conclusions  are  drawn  about  this  approach  to  teleoperator 
subsystem  evaluations. 

2  The  Need  for  Teleoperator  Subsystem  Testing 

The  degree  of  modularity  among  robotic  devices,  including  autonomous  robots,  teleoperators,  and 
telepresence  systems,  is  increasing  rapidly.  This  new-found  modularity  will  someday  allow  users  of 
robotic  systems  to  “pick  and  choose”  the  characteristics  of  the  available  equipment,  both  master 
subsystems  and  slave  subsystems,  to  best  suit  the  requirements  of  a  particular  task.  Modularity 
creates  a  virtual,  if  not  physical,  separation  between  the  master  subsystems  and  those  of  the  slave 
devices.  The  control  algorithms,  mechanical  apparatus,  sensor  suites,  and  processing  architectures 
all  become  black  boxes,  with  well-defined  inputs  and  outputs;  this  allows  master  subsystems  and 
slave  subsystems  with  completely  different  characteristics  to  work  together. 

However,  adding  modularity  to  systems  does  not  inherently  increase  their  utility.  In  fact, 
the  converse  might  be  true  if  an  analysis  of  the  costs  vs.  benefits  of  the  specific  subsystems 
is  not  conducted.  The  extensive  work  on  modular  robotics  occurring  in  academia  [13]  and  in 
industry  [11]  seems  to  be  concentrating  more  on  kinematic  and  ease-of-implementation  issues  than 
on  performance  evaluations  of  specific  designs  and  devices.  The  increased  cost  and  complexity 
of  the  added  modularity  becomes  self-defeating  unless  users  are  given  the  conditions  for  which  a 
specific  device  is  capable,  or  the  system  is  intelligent  enough  to  make  this  decision  itself. 

To  measure  the  performance  capabilities  of  teleoperated  systems,  most  researchers  and  systems 
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developers  compare  teleoperated  task  performance  to  the  performance  of  similar  tasks  by  humans 
hands-on  [3]  [5].  This  systems-level  approach  is  helpful  for  understanding  the  degrading  effect  the 
teleoperator  has  on  task  performance,  but  it  provides  no  information  about  the  individual  param¬ 
eters  of  the  complete  teleoperator  system  which  contribute  to  the  performance  degradation.  Two 
factors  have  historically  prevented  the  telerobotics  community  from  conducting  these  specialized, 
subsystems-level  analyses.  The  first  factor  is  the  prohibitive  cost  involved.  This  cost  includes  not 
only  the  cost  of  developing  a  testbed,  but  also  the  expense  of  the  teleoperator  systems  themselves. 
Hopefully  modularity  will  continue  finding  its  way  into  new  designs,  requiring  only  specific  subsys¬ 
tems  of  the  complete  system  for  the  performance  measurement  tests.  The  second  factor  preventing 
subsystems-level  testing  is  the  specificity  of  both  the  hardware  and  the  software  of  existing  systems. 
This  specificity  is  gradually  decreasing  as  designers  incorporate  the  newer  architectures,  languages, 
and  communications  protocols  specifically  designed  for  modularity  [1].  The  future  designs  should 
allow  comparisons  among  subsystems,  similar  to  today’s  computer  industry  (e.g.,  megaflops  for 
architectures,  benchmark  programs  for  software,  access  times  and  storage  density  for  media). 

The  next  section  describes  a  first  step  to  generate  parameters  for  comparisons  of  teleoperator 
operator  interfaces.  It  is  hoped  that  using  the  FITTS  testbed  to  conduct  independent  examinations 
will  enable  the  objective  analysis  of  the  costs  vs.  performance  for  the  variety  of  available  human- 
machine  interface  devices.  The  remainder  of  the  report  then  focuses  on  one  specific  type  of  interface: 
the  exoskeleton. 

3  Exoskeletal  Interfaces:  Baselines  for  Comparison 

The  FITTS  testbed  has  been  developed  to  evaluate  human-machine  interfaces  to  teleoperated  sys¬ 
tems.  This  testbed  includes  a  left/right  pair  of  6  DOF  slave  robots  (American  Cimflex  Merlin  6500 
robots),  the  AF / Navy  Teleoperator  Performance  Evaluation  Battery  [12],  and  associated  sensors, 
controllers,  and  computers  [8].  The  AF/Navy  Teleoperator  Performance  Evaluation  Battery,  also 
known  as  the  taskboard,  contains  simple,  peg-into-hole  tasks  structured  to  provide  a  linear  pro¬ 
gression  of  difficulty  when  viewed  using  a  Fitts’  Law  paradigm  [4].  This  paradigm  is  discussed  in 
Section  4. 

To  use  FITTS  for  evaluating  specific  human-machine  interfaces,  it  is  first  necessary  to  develop 
performance  baselines  for  comparison.  In  the  FITTS  testbed,  several  performance  baselines  are  be¬ 
ing  applied  for  ex  ^skeletal  interfaces  (see  Table  1).  The  first  baseline  is  derived  by  testing  humans 
hands-on,  unencumbered  by  any  system  component.  This  baseline  is  the  optimal  performance  we 
would  expect  a  true  telepresence  [7]  system  to  achieve,  although  it  is  recognized  that  synergism 
between  the  man  and  the  machine  could  eventually  surpass  this  now-optimal  baseline.  The  sec¬ 
ond  baseline  is  found  by  evaluating  the  operator  wearing  the  unilateral  exoskeleton  described  in 
reference  [10],  performing  the  same  tasks  (without  any  slave  robotic  devices).  By  wearing  the  uni¬ 
lateral  device,  the  operator’s  performance  will  be  degraded  by  many  factors,  such  as  added  inertias, 
friction,  and  kinematic  constraints.  This  second  baseline  can  be  thought  of  as  worst-case  for  ex¬ 
oskeletons,  since  bilateral  exoskeletons  should  include  compensation  for  the  exoskeleton’s  dynamics 
(inertias,  friction,  gravity,  Coriolis  and  centripetal  forces)  which  the  unilateral  device  cannot  pro¬ 
vide.  The  third  baseline  is  derived  by  measuring  the  teleoperated  performance  of  the  same  tasks 
while  the  human  wears  the  unilateral  exoskeleton.  Once  again,  this  baseline  is  worst-case  for  per¬ 
formance,  since  bilateral  exoskeletons  will  include  kinesthetic  feedback  from  the  slave  robot  during 
task  performance  while  compensating  for  exoskeleton  dynamics. 
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Table  1:  Baseline  Evaluations  for  Exoskeletal  Interfaces 


Baseline 

Description 

Human  unencumbered;  hands-on 

Human  wearing  unilateral  exoskeleton;  hands-on 

Human  wearing  unilateral  exoskeleton;  teleoperation 

Once  the  three  baselines  of  Table  1  are  established,  performance  evaluations  of  bilateral  exo¬ 
skeletons  can  occur,  as  shown  in  Table  2.  The  first  complete  subsystem  evaluation  will  be  to  study 
the  performance  of  a  human  wearing  the  bilateral  exoskeleton  without  interfacing  to  a  slave  robot, 
but  including  gravitational,  Coriolis,  centripetal,  and  friction  compensation  (if  these  algorithms 
are  normally  part  of  the  exoskeleton’s  control  code).  This  test,  which  is  the  Mode  2  condition  of 
Table  2,  measures  the  kinematic  and  controller  constraints  of  the  exoskeleton,  and  can  be  compared 
against  the  second  baseline  established  above.  The  data  can  also  be  thought  of  as  the  expected 
performance  of  the  teleoperator  system  assuming  perfectly  transparent  slave  robots  are  used. 


Table  2:  Experimental  Conditions  for  Evaluating  Teleoperator  Human-Machine  Interfaces.  Modes 
are  numbered  to  correspond  with  the  experimental  conditions  for  the  baseline  experiments. 


Mode 

Condition 

2 

3 

Hands-on  task  performance 
Teleoperated  task  performance 

Of  course,  the  final  complete  subsystem  test  for  the  exoskeletal  interface  is  to  study  the  task 
performance  of  a  human  wearing  the  force-reflecting  exoskeleton,  while  controlling  the  slave  robot 
(bilateral  teleoperation;  Mode  3).  Comparing  these  data  to  the  third  baseline  established  above 
will  show  the  benefits  of  force  reflection  and  dynamics  compensation.  Comparing  the  data  to  the 
first  baseline  will  determine  how  much  improvement  remains  before  telepresence  [6]  is  achieved. 

More  discriminating  experiments  are  also  possible  using  the  above  protocols.  For  example, 
assuming  the  teleoperator  human  interface  control  code  contains  compensation  terms  for  gravity, 
Coriolis,  centripetal,  and  friction  dynamics,  it  is  often  a  trivial  exercise  to  remove  one  of  these 
terms  from  the  control  equations.  The  relative  importance  of  each  term  will  be  shown  by  removing 
the  compensation  for  each  dynamical  effect  individually,  and  then  conducting  a  Mode  2  experiment 
using  the  revised  control  equations.  These  data  will  lead  to  an  understanding  of  a  human’s  ability 
to  compensate  for  selected  dynamics.  Similar  experiments  will  lead  to  an  understanding  of  the 
subsystem’s  dependence  on  control  loop  rate  (controller  bandwidth),  by  incrementally  degrading 
the  controller  bandwidth  and  then  conducting  Mode  2  experiments.  These  understandings  of  the 
control  equations  and  controller  bandwidth  effects  on  the  human-machine  interface  will  benefit 
future  designs  of  human  interfaces.  A  similar  matrix  of  experiments  is  possible  using  Mode  3 
experiments.  These  experiments  should  be  conducted  by  not  only  limiting  the  teleoperator  human 


3 


W  -  D  -  d 


—  A  ■  H 


Figure  1:  Measurements  used  to  define  task  difficulty. 

interface  dynamics  compensation  terms,  but  also  by  selectively  degrading  other  system  variables, 
such  as  inter-subsystem  communication  rates,  force  feedback  ratio,  and  force  sensor  bandwidth. 
Once  again,  these  data  will  permit  future  teleoperator  designers  to  consider  the  most  important 
parameters  of  telemanipulators  during  the  design  process. 

4  Fitts’  Law  for  Performance  Measurement 

Fitts  [4]  defined  the  Index  of  Difficulty,  ID,  for  one- dimensional  tasks  as 

W 

ID  —  -log2—  (bits  /  response)  (1) 

where  W  is  the  peg  tolerance  (the  difference  between  the  hole  diameter  and  the  peg  diameter)  and 
A  is  the  amplitude  of  the  movement.  The  variables  are  shown  in  Figure  1. 

Fitts’  Law  [4]  relates  the  time  to  complete  tasks,  as  a  function  of  task  ID,  by  defining  the 
movement  time,  mf,  as  follows: 


mt  =  k\ID  +  k2  (sec)  (2) 

with  k\  and  k2  varying  by  individual. 

k{  is  simply  the  slope  of  the  mt  vs.  ID  curve.  The  reciprocal  of  k\  has  units  of  — ,  which  is 
identical  to  units  of  capacity  for  an  information  channel.  Thus  jr-  has  been  accepted  as  a  measure 
of  human  information  processing  capacity.  This  has  also  been  related  to  the  bandwidth  of  human 
performance  when  the  information  processing  system  is  modelled  as  a  low-pass  filter  [10].  Larger 
values  of  have  been  shown  to  be  comparable  to  an  information  channel  with  a  lower  signal-to- 
noise  ratio  [2]. 

The  value  k2  is  physiologically  the  reaction  time  of  the  human  operator.  This  can  be  seen  by 
considering  a  task  of  ID  =  0.  For  this  to  be  true,  ^  must  equal  A.  Referring  to  Figure  2,  at  the 
limit,  as  y  -*  A,  the  amplitude  of  motion  A  may  be  arbitrary.  For  this  task,  were  it  possible  to 
measure  for  completion,  the  subject  must  process  all  of  the  information  required  to  move  the  peg. 
Once  motion  begins,  the  task  is  completed,  because  A  =  y,  and  the  peg  is  already  in  the  target 
hole.  In  other  words,  the  peg  starts  in  the  same  hole  it  is  required  to  have  the  run  terminated  in. 


4 


w 

>2*- 


HaH- 

Figure  2:  A  task  with  ID  =  0. 


Thus  mt  is  pure  reaction  time  for  this  task.  Although  no  method  exists  for  measuring  these  types 
of  tasks,  it  is  possible,  with  caution,  to  extrapolate  from  the  measured  data  to  ID  =  0. 

The  time  required  to  complete  the  tasks  is  expected  to  increase  when  the  operator  wears  an 
exoskeleton.  Using  the  task  difficulty,  ID,  as  defined  in  equation  (1),  the  expected  movement  time 
for  the  subject  encumbered  by  the  exoskeleton  becomes 


mtenc  =  k\ID  +  k'2  (sec)  (3) 

where  k\  and  k'2  are  the  measured  slope  and  intercept  of  the  Fitts’  Law  curve  for  this  encumbered 
condition. 

Using  Jb|  and  k2  from  equation  (2)  (the  unencumbered  condition),  and  k\  and  k2  from  equation 
(3),  the  following  degradation  parameters  are  defined: 


(4) 


where  the  ratio  represents  the  change  in  slope  of  the  Fitts’  Law  curve,  and  renr  represents  the 
change  in  reaction  time  due  to  the  requirement  of  wearing  the  exoskeleton  device.  The  percentage 
increase  in  these  values,  represented  by  the  quantity 


where  *  is  either  one  or  two,  is  easily  extracted  from  menc  and  rrnc  by  subtracting  unity  from  these 
ratios. 

The  slope  of  the  Fitts’  Law  curve  is  expected  to  be  greater  for  the  subjects  when  wearing 
the  exoskeleton  than  when  unencumbered,  i.e.,  me„c  >  1.  This  means  that  some  of  the  human’s 
information  channel  capacity  will  be  used  to  overcome  the  encumbrance  of  the  exoskeleton.  It 
is  apparent  that  the  human’s  requirement  to  process  information  when  using  the  exoskeleton, 
involving  such  variables  as  joint  frictions,  kinematic  constraints,  added  inertias,  etc.,  will  reduce 
the  amount  of  human  resources  available  to  process  task  information. 
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It  is  also  expected  that  the  physiological  reaction  time  will  increase  when  the  subjects  wear 
the  encumbering  exoskeleton  (reMC  >1).  One  would  intuitively  expect  ki  to  increase  based  on  two 
considerations.  First,  because  the  exoskeleton  adds  substantially  more  mass  to  the  arm  and  the 
upper  body,  the  finite  energy  available  by  the  human  when  applied  to  this  new  mass  results  in 
slower  accelerations.  If  added  friction  exists  in  the  initial  movement,  the  overall  pure  reaction  time 
will  be  subsequently  increased.  A  second  reason  the  encumbrance  of  the  exoskeleton  will  slow  the 
reaction  time  is  because  humans  tend  to  think  about  and  plan  their  moves  before  any  movement 
occurs.  As  a  consequence  of  wearing  the  exoskeleton,  subjects  need  a  longer  time  to  plan  their 
moves  before  initiating  an  action. 

Note  that  there  is  no  physical  basis  for  menc  =  rcnc.  This  is  because  mCMC  refers  to  the  change 
in  slope  (the  reciprocal  of  capacity)  and  rrnc  refers  to  the  change  in  reaction  time.  Both  of  these 
metrics  are  the  results  of  different  physiological  processes  within  the  human;  however,  as  described 
above,  both  me„c  and  renc  should  be  greater  than  1.0. 

For  certain  tasks,  Fitts’  Law  ceases  to  hold.  This  occurs  when  the  task  essentially  becomes 
two  tasks,  and  the  subject  must  change  movement  strategies  to  complete  the  overall  task.  For  the 
taskboard,  the  largest  amplitude  of  motion  requires  the  operator  to  rotate  the  torso,  lean  at  the 
waist,  or  use  finger  adjustments  of  the  peg  to  complete  these  tasks,  ky  then  increases  beyond  that 
expected  by  a  simple  first-order  model  of  the  human’s  information  channel,  as  shown  in  Figure  3. 
To  evaluate  this  data  it  will  be  shown  in  the  next  section  how  to  break  these  one-dimensional  tasks 
into  dual  tasks.  However,  for  the  evaluations  using  only  Fitts’  one- dimensional  paradigm,  we  will 
exclude  these  more  complex  task  situations,  with  64  cm  amplitudes  of  motion,  from  the  analyses. 

5  Extending  Fitts’  Law  to  A  Dual  Task  Paradigm 

As  mentioned  above,  data  from  some  tasks  do  not  support  Fitts’  one  dimension  of  task  performance. 
For  the  experiments  reported  here,  those  tasks  with  amplitude  A  =  64  cm  do  not  fit  the  one¬ 
dimensional  model,  as  shown  in  Figure  3.  These  tasks  require  the  subjects  to  either  rotate  the 
torso,  lean  at  the  waist,  or  use  fine  adjustments  with  the  fingers  to  position  the  pegs. 

The  analysis  described  in  reference  [14]  will  be  conducted  for  these  more  complex  tasks.  Instead 
of  assuming  one  linear  mt  vs.  ID  relationship,  the  single  task  is  divided  into  the  two  tasks  of  ballistic 
motion  and  accurate  positioning.  The  ballistic  motion  task  occurs  from  the  time  the  subject  begins 
moving  the  peg  until  the  peg  makes  first  contact  with  the  target  hole.  If  the  subject  makes  a  “clean 
insertion,”  that  is,  the  peg  never  contacts  the  sides  of  the  target  hole,  then  the  ballistic  phase 
occurs  from  the  time  the  subject  begins  moving  the  peg  until  any  part  of  the  peg  intersects  the 
volume  of  the  target  hole.  The  positioning  task  occurs  from  the  end  of  the  ballistic  task  until  the 
peg  insertion  is  completed. 

The  movement  time  for  the  overall  peg  transfer  task,  mt,  is  the  sum  of  the  movement  times  for 
the  two  tasks: 

mt  —  mttalfiftlic  4"  TOtpoftiliomng  (7) 

Both  movement  times  on  the  right  side  of  the  above  equation  are  assumed  to  be  linearly  dependent 
on  each  task’s  difficulty,  similar  to  equation  (2)  for  the  Fitts’  Law  analysis. 

Of  particular  interest  in  this  study  is  the  capacity  for  performing  tasks  of  various  difficulties, 
which  was  shown  to  be  equivalent  to  the  reciprocal  of  the  slope  of  the  mt  vs.  ID  line.  Using  the 
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Figure  3:  Subject  4’s  performance  times,  unencumbered,  show  that  the  more  difficult  tasks  of 
A  —  64  cm  (circled)  do  not  fall  in  line  with  the  movement  times  predicted  by  Fitts’  Law. 

data  collected  for  the  Fitts’  Law  paradigm,  it  is  possible  to  extract  measures  of  capacity  for  ballistic 
tasks  and  for  positioning  tasks,  as  follows. 

Define  a  to  be  the  slope  of  the  ballistic  task.  This  value  can  be  determined  by  using  data  from 
the  tasks  which  use  the  smallest  peg  (and  the  greatest  tolerance  y ),  and  considering  tasks  of  all 
amplitudes  A  for  this  peg.  Because  this  peg  is  the  easiest  to  insert  into  the  target  holes,  the  ballistic 
phase  will  have  the  highest  possible  influence  on  these  data,  recognizing  that  the  empirical  data 
consider  the  overall  movement  times  for  both  tasks.  This  analysis  assumes  that  the  positioning 
task  is  constant  for  all  peg  insertions  using  this  particular  tolerance,  y.  Although  this  is  an 
approximation  of  the  task  realities,  because  the  difficulty  inserting  the  pegs  is  also  a  function  of 
visual  acumen  and  kinematic  considerations,  in  general  the  assumption  is  valid.  Thus,  a  is  the  slope 
of  the  performance  times  versus  task  difficulty  for  these  ballistic  tasks,  and  £  is  the  information 
channel  capacity  for  performing  ballistic  tasks. 

In  a  similar  way  define  6  to  be  the  slope  of  the  positioning  task.  This  slope  is  best  determined 
by  using  data  from  the  tasks  which  require  the  shortest  amplitude  A,  but  considering  all  peg 
diameters  for  the  shortest  amplitude.  Then,  because  these  tasks  require  the  shortest  ballistic 
motion,  the  positioning  phase  will  have  the  highest  possible  influence  on  these  data.  Once  again,  it 
is  recognized  that  the  empirical  data  record  the  sum  of  the  movement  times  for  the  ballistic  and  the 
positioning  tasks,  and  the  slope  b  is  derived  with  the  assumption  that  the  ballistic  task  is  constant 
for  each  trial  using  the  shortest  amplitude  A.  Although  the  difference  in  mass  for  each  peg  may 
cause  the  human’s  ballistic  motion  to  differ  slightly,  in  general  the  assumption  holds.  Therefore  6 
is  the  slope  of  the  positioning  task  performance  times  versus  task  difficulty,  and  £  is  the  subject’s 
capacity  for  performing  positioning  tasks. 

Comparing  the  slopes  a  and  6  from  the  unencumbered  to  the  encumbered  experimental  condi¬ 
tions  is  similar  to  the  above  measures  of  encumbrance  and  rr„,..  If  a  and  b  are  the  ballistic 
phase  and  positioning  phase  slopes  when  unencumbered,  respectively,  and  a'  and  b'  the  same  values 
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Table  3:  Taskboard  Indices  of  Difficulty 


Peg  Diameter 

Hole  Diameter 

Amplitude 

ID 

(cm) 

(cm) 

(cm) 

(bits/response) 

16 

6.000 

1.50 

2.00 

32 

7.000 

64 

8.000 

16 

8.006 

1.88 

2.00 

32 

9.006 

64 

10.006 

16 

10.060 

1.97 

2.00 

32 

11.060 

64 

12.060 

when  wearing  the  exoskeleton,  define 


a 

Onnc  — 

a 

(8) 

V 

Knc  -  b 

(9) 

It  is  expected  that  overcoming  the  kinematic  and  dynamic  constraints  of  the  exoskeleton  will 
make  it  more  difficult  for  the  subjects  to  make  ballistic  motions  (annc  >  1).  It  is  also  expected  to 
be  more  difficult  to  position  the  pegs  into  the  holes  when  wearing  the  exoskeleton  (brnr  >  1).  For 
the  MBA  exoskeleton,  br.nr.  is  particularly  influenced  by  a  physical  obstruction  of  one’s  vision  of 
the  target  hole  in  some  orientations,  due  to  a  panel  of  lights  attached  next  to  the  handgrip  of  the 
exoskeleton.  As  was  done  earlier  with  the  values  mrnc  and  renc,  subtract  unity  from  the  ratios  acnc 
and  6enc  to  determine  the  percentage  increase  in  slopes. 

6  Experimental  Protocol 

Seven  subjects  were  used  for  this  study.  The  AF/Navy  Teleoperator  Performance  Evaluation 
Battery  (the  taskboard)  contained  the  tasks  performed  by  the  subjects.  This  taskboard  consists 
of  sixteen  holes  of  2.00  cm  diameter,  and  10  cm  long  pegs  of  1.50,  1.88,  and  1.97  cm  diameters. 
Although  the  taskboard  may  be  fitted  with  1  cm  diameter  holes  and  respective  smaller-diameter 
pegs,  these  conditions  were  not  evaluated  in  these  experiments.  The  distance  between  the  start 
hole  and  the  destination  hole  was  either  16,  32,  or  64  cm  for  a  particular  task.  Thus  the  tasks 
consisted  of  the  IDs  listed  in  Table  3.  Note  that  the  ratio  of  the  amplitudes  A  forms  a  geometric 
series  with  a  ratio  1:2:4.  This  is  no  coincidence:  on  a  log  scale  it  provides  a  linear  dynamic  range 
to  collect  empirical  data. 

The  goal  of  these  tasks  was  to  transfer  the  peg  from  one  hole  to  the  next  as  quickly  as  possible. 
Time  was  recorded  from  when  the  subject  removed  the  peg  from  the  start  hole  (a  microswitch 
opened)  until  the  subject  inserted  the  peg  into  the  destination  hole  (closing  a  second  microswitch). 
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Figure  4:  A  demonstration  on  how  the  peg  transfer  task  is  performed  while  unencumbered. 

Each  subject  completed  the  series  of  experiments  unencumbered,  then  completed  the  experi¬ 
ments  while  wearing  the  unilateral  exoskeleton.  Each  series  of  experiments  consisted  of  a  practice 
day  (72  practice  tasks)  followed  by  three  data  days  (24  practice  tasks  followed  by  72  timed  tasks). 
The  order  of  the  peg  sizes  varied  among  subjects,  although  inter-series  learning  was  not  a  significant 
concern  for  these  simple  tasks.  Figure  4  demonstrates  how  a  subject  would  perform  a  task  from 
the  first  series  of  experiments. 

7  Results  of  Experiments 

During  the  discussion  of  results,  the  following  graphs,  summary  charts,  and  tables  are  presented  in 
the  text: 

•  Values  for  Jbi,  k2,  fc',,  k'2,  mcnc,  and  rcnc  are  given  for  each  subject  in  Table  4. 

•  Figure  5  plots  all  mt  vs.  ID  curves  for  both  the  unencumbered  and  encumbered  conditions, 
excluding  the  nonlinear  data  points.  This  graph  is  the  Fitts’  Law  analysis  of  these  data. 

•  Coefficients  of  variation  for  all  task  conditions  are  shown  in  Figure  6. 

•  Values  for  a,  6,  a',  6',  aenc ,  and  benc  are  given  for  each  subject  in  Table  5. 

These  graphs,  charts,  and  tables  have  been  drawn  from  the  complete  data  set  which  is  given  in 
the  appendices.  The  appendices  contain  data  listed  in  the  following  order: 

U  nenc  umbered 

A  Raw  data  for  each  subject,  grouped  by  task  ID. 

B  mt  vs.  ID  for  all  tasks. 
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Table  4:  Fitts’  Law  Data  for  Both  Test  Conditions 


Subject 

Unencumbered 
ki  k2 

Wearing  MBA  exoskeleton 

fcj  fc  2  mcnc  Tf.nc 

61 

289 

73 

322 

1.197 

1.114 

67 

120 

78 

147 

1.164 

1.225 

61 

180 

73 

190 

1.197 

1.056 

56 

218 

63 

364 

1.125 

1.670 

5 

61 

98 

62 

204 

1.016 

2.082 

6 

46 

318 

99 

152 

2.152 

0.478 

■■Q 

38 

273 

90 

-36 

2.368 

-0.132 

C  mt  vs.  ID,  excluding  nonlinear  data  points. 

D  mt  vs.  ID  extrapolated  to  ID  =  0. 

Wearing  MBA  Exoskeleton 
E  Raw  data  for  each  subject,  grouped  by  task  ID. 

F  mt  vs.  ID  for  all  tasks. 

G  mt  vs.  ID,  excluding  nonlinear  data  points. 

H  mt  vs.  ID  extrapolated  to  ID  =  0. 

Other 

I  Coefficients  of  variation  for  each  condition,  unencumbered  and  wearing  exoskeleton. 

J  Two-dimensional  (ballistic  phase  and  positioning  phase)  analysis  for  each  subject,  unencum¬ 
bered  and  wearing  the  exoskeleton. 

8  Discussion 

8.1  Fitts’  Law  Paradigm 

Referring  to  Table  4,  which  is  repeated  for  5  <  ID  <  13  in  Figure  5,  both  kt  and  Jfe2  were  expected 
to  increase  when  the  MBA  exoskeleton  was  worn.  The  data  show  the  average  increase  in  slope  k t, 
as  represented  by  mcnc  (where  the  overbar  indicates  mean  value  across  subjects),  is  approximately 
48  per  cent.  It  is  also  seen  from  these  data  that  the  increase  in  reaction  time  Jfe2,  as  represented  by 
*Vno  is  approximately  7  per  cent.  The  significance  of  these  results  is  discussed  next. 

mrnr  appears  to  be  a  reliable  indicator  of  performance.  Recall  that  m*nr  refers  to  the  ratio  of 
slopes  of  the  Fitts’  Law  curves,  with  a  higher  value  resulting  from  a  larger  amount  of  encumbrance, 
and  a  corresponding  decrease  in  usable  information  channel  capacity  related  by  (^;)>  Therefore, 
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Figure  5:  Performance  curves  for  all  subjects,  both  unencumbered  and  wearing  the  MBA  exoskele¬ 
ton.  Recall  that  the  nonlinear  data  points  are  excluded  from  these  analyses  (Section  5). 


Figure  6:  Coefficients  of  variation  for  all  task  conditions,  averaged  across  subjects. 


on  average,  a  subject  was  able  to  use  only  68  per  cent  (f^)  of  the  original  information  channel 
capacity  to  process  task  data  when  wearing  the  MBA  exoskeleton.  The  remaining  32  per  cent  was 
used  to  process  kinematic  and  dynamic  information  about  controlling  the  MBA  exoskeieton.  Recall 
that  this  analysis  excludes  those  tasks  of  amplitude  A  =  64  cm. 

As  expected,  Jfe2  also  increased  when  the  subjects  wore  the  exoskeleton,  with  =  1.07.  This 
equates  to  an  average  7  per  cent  increase  in  reaction  time  resulting  from  increased  initial  processing 
requirements  and  the  need  to  overcome  the  exoskeleton’s  dynamic  effects  with  a  finite  amount  of 
human  input  energy  available.  However,  this  analysis  depends  on  extrapolating  to  ID  =  0,  when 
tasks  with  0  <  ID  <  6  were  not  measured.  Even  a  minor  change  in  slope  Jb(  results  in  significant 
changes  in  reaction  time  Jfe2  when  extrapolating  this  far.  This  can  be  seen  by  excluding  Subject 
7’s  results  from  the  above  analysis.  In  this  case  =  1.27,  and  the  average  increase  in  reaction 
time  due  to  the  requirement  to  wear  the  exoskeleton  more  than  triples,  from  7  per  cent  to  27 
per  cent.  Obviously  a  particular  subject’s  data  should  not  have  this  much  influence  on  the  net 
result.  It  is  apparent  that  an  increased  dynamic  range  of  Fitts’  Law  tasks,  including  values  of 
0  <  ID  <  6,  is  required  to  reduce  the  sensitivity  of  this  analysis  and  enable  accurate  measurement 
of  the  degradation  of  the  operator’s  reaction  time  response. 

8.2  Coefficient  of  Variation 

The  coefficient  of  variation  measures  the  repeatability  of  a  trial  by  comparing  two  or  more  repli¬ 
cations  of  the  same  experimental  condition.  This  metric  is  calculated  by  dividing  the  standard 
deviation  of  a  set.  of  trials  by  the  mean  value.  This  ratio  is  almost  always  greater  than  0.1  and 
less  than  0.4  if  an  experiment  using  human  subjects  was  conducted  in  a  manner  that  is  repeatable. 
The  coefficient  of  variation  is  a  good  measure  of  the  reproducibility  of  the  experiment’s  data  if  it 
were  to  be  rerun  or  if  another  facility  were  to  replicate  the  original  experiments. 

To  develop  the  coefficients  of  variation  for  this  experiment  (individually  for  each  subject),  it  is 
necessary,  at  each  jp  value,  to  form  the  ratio  of  .  <r  represents  the  standard  deviation  and  ft  is 
the  mean  of  these  data  for  each  discrete  task  condition.  Statisticians  use  the  coefficient  of  variation 
to  quickly  ascertain  the  validity  of  the  data  within  the  framework  of  the  overall  experiment. 

These  experiments  appear  to  be  quite  repeatable,  with  most  of  the  coefficients  of  variation 
falling  below  0.2.  Figure  6  illustrates  the  coefficients  of  variation  for  these  tasks  averaged  across 
subjects.  No  noticeable  increase  in  variability  is  seen  when  the  subjects  wore  the  exoskeleton  versus 
the  unencumbered  condition.  Two  obvious  exceptions  occurred  during  these  experiments,  causing 
individual  coefficients  of  variation  to  exceed  0.4.  These  exceptions  are  found  in  Appendix  I  -  one 
for  subject  7  and  one  for  subject  6.  Neither  of  these  isolated  circumstances  can  be  explained  by 
the  experimental  protocol. 

8.3  Dual  Task  Paradigm 

Table  5  lists  the  data  for  the  two  separate  tasks  of  ballistic  motion  and  accurate  positioning,  using 
all  the  data  points.  These  data  show  the  average  degradation  in  ballistic  motion,  represented  by 
a^T,  to  be  1.69.  The  average  degradation  in  accurate  positioning,  represented  by  br„r,  is  1.52. 
These  values  correspond  to  an  average  decrease  in  usable  ballistic  motion  capacity  to  59  per  cent 
(  m»>)  original  capacity,  and  a  similar  decrease  in  available  accurate  positioning  capacity  to 

66  percent  (7^5)  of  the  original  quantity. 
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Table  5:  Two-Dimensional  Analysis  of  Data 


Subject 

Unencumbered 
a  b 

Wearing  MBA  exoskeleton 
a>  b'  Sene  benr 

115 

44 

194 

66 

1.69 

120 

65 

173 

69 

1.44 

1.06 

106 

51 

146 

73 

1.38 

1.43 

82 

46 

48 

66 

0.585 

1.43 

5 

96 

64 

80 

68 

0.833 

1.06 

6 

98 

51 

166 

98 

1.69 

1.92 

7 

37 

35 

155 

79 

4.19 

2.26 

Two  subjects,  Subject  4  and  Subject  5,  show  a  decrease  in  ballistic  phase  slope,  which  cor¬ 
responds  to  an  increase  in  ballistic  capacity  when  wearing  the  exoskeleton.  This  result,  though 
unexpected,  agrees  with  earlier  studies  which  found  that  humans  sometimes  use  the  dynamics  of 
an  interface  to  dampen  human-input  noise  [9].  Another  possible  explanation  is  due  to  the  stim¬ 
ulation  which  sometimes  occurs  when  humans  are  subjected  to  stress,  such  as  when  wearing  the 
MBA  exoskeleton.  When  subjected  to  stress  situations,  humans  sometimes  change  their  percep¬ 
tions  about  the  goals  of  the  task,  or  they  change  their  individual  expectations.  Consequently  the 
humans  might  “try  harder,”  or  appear  to  be  more  motivated  because  of  the  change  in  their  internal 
perception  of  the  task  at  hand.  Note,  however,  that  this  accommodation  does  not  occur  for  the 
positioning  phase,  nor  should  it.  The  kinematic  and  visual  constraints  of  the  MBA  exoskeleton 
prevented  all  subjects  from  performing  the  accurate  positioning  phase  as  well  when  wearing  the 
MBA  exoskeleton  as  compared  to  the  case  when  the  subjects  were  unencumbered. 

Considering  only  the  data  for  Subject  7,  it  is  noted  that  a  is  very  nearly  equal  to  b  for  this 
subject’s  unencumbered  condition.  This  indicates  that  a  subject’s  data  is  very  close  to  Fitts’ 
one-dimensional  model,  even  including  the  tasks  of  64  cm  amplitude.  Also  notice  how  much  the 
exoskeleton  increased  this  subject’s  ballistic  slope  a  -  over  400  per  cent  -  demonstrating  that  the 
exoskeleton  had  the  greatest  effect  on  this  subject’s  ballistic  performance.  This  is  confirmed  by  the 
Fitts’  Law  analysis,  where  me„r  =  2.368,  also  the  largest. 

There  are  several  reasons  why  this  exoskeleton  affected  Subject  7  the  most.  Although  exact 
correlation  between  subjects’  characteristics  (biophysical  data,  motivation,  and  task  completion 
strategies)  and  amount  of  performance  degradation  was  not  accomplished,  it  was  noted  that  Subject 
7  has  the  shortest  arm  lengths  of  the  subject  pool  •  noticeably  shorter  than  the  link  lengths  of  the 
exoskeleton.  Therefore  the  axes  of  rotation  of  the  exoskeleton  do  not  coincide  with  the  axes  of 
rotation  of  this  subject’s  arm  joints.  This  kinematic  discrepancy  will  degrade  one’s  ballistic  motion 
by  changing  arm  trajectories  to  make  the  Cartesian  displacement  of  each  arm  link,  given  by  l,  9(,-\), 
equate  to  the  displacement  of  the  exoskeleton’s  link,  given  by  I-  Here  the  I,  and  J(  terms 

represent  the  length  of  the  s<,'  link  of  the  arm  and  the  exoskeleton,  respectively,  and  the  0(,_i)  and 
terms  represent  the  angular  displacement  of  the  joints  which  rotate  these  links. 

Subject  7  was  also  extremely  motivated  for  speed  of  task  completion.  This  motivation  led  to 
some  very  quick  peg  insertions  (typically  for  short  amplitudes  of  motion),  but  the  subject’s  attempts 
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to  make  very  fast  insertions  also  resulted  in  attempts  to  complete  these  tasks  using  only  ballistic 
motion.  It  seemed  that  only  when  a  rapid,  ballistic  motion  was  unsuccessful  in  inserting  the  peg 
into  the  target  hole,  did  the  subject  complete  the  peg  insertion  task  with  an  accurate  positioning 
response.  These  failed  insertion  attempts  may  be  categorized  as  errors,  and  they  occurred  for 
each  subject.  No  attempt  was  made  to  correlate  numbers  of  errors  with  the  expected  degradation 
because  the  subjects  were  not  penalized  for  making  errors,  and  speed  of  task  completion  was  the 
sole  motivation  used  in  these  experiments.  It  was  apparent,  however,  that  many  more  insertion 
errors  were  made  by  Subject  7  when  wearing  the  exoskeleton  than  when  unencumbered.  Although 
this  may  or  may  not  have  been  true  for  all  subjects,  it  was  only  readily  apparent  for  Subject  7. 

9  Conclusions 

The  experiments  described  in  this  report  have  verified  a  new  analytical  technique  which  allows  one 
to  derive  the  degradation  in  available  information  channel  capacity  caused  by  a  requirement  to  use 
the  interface  of  a  telemanipulation  system  when  performing  standard  tasks.  It  has  been  shown  how 
to  extend  Fitts’  Law  to  include  a  measure  of  the  degrading  effect  of  the  human  interface,  as  long  as 
the  tasks  hold  to  the  one-dimensional  assumptions  inherent  in  Fitts’  Law.  A  similar,  but  separate, 
analytical  technique  has  shown  how  to  derive  the  degradation  to  the  operator’s  available  capacities 
for  both  ballistic  motion  and  accurate  positioning  tasks.  The  data  from  these  experiments  reveal 
that  the  MBA  exoskeleton  degrades  the  human’s  available  information  channel  capacity  for  ballistic 
tasks,  accurate  positioning  tasks,  and  one-dimensional  tasks  by  41  per  cent,  34  per  cent,  and  32 
per  cent  respectively.  The  data  also  show  that  the  requirement  to  wear  this  exoskeleton  increases 
the  operator’s  physiological  reaction  time,  although  this  result  is  very  sensitive  to  the  experimental 
conditions. 

It  is  not  possible  with  these  studies,  however,  to  predict  the  quantity  of  information  channel 
capacity  degradation  expected  for  a  particular  telemanipulation  operator.  The  many  variables 
which  may  cause  one  subject  to  be  more  or  less  affected  by  this  exoskeleton  than  another  subject 
were  not  measured;  thus,  correlation  between  independent  variables  and  results  was  not  conducted. 
Further  experiments  to  correlate  subjects’  anthropometric  data,  motivational  impetus,  and  task 
completion  techniques  with  the  degradation  in  available  information  channel  capacity  are  required 
if  this  analytical  technique  is  to  be  extended  to  a  predictive  quantity.  It  will  also  be  beneficial  if 
subjects  are  penalized  for  making  errors,  or  if  an  accurate  account  of  insertion  errors  is  maintained 
during  the  future  experiments.  It  may  be  found  that  a  correlation  exists  between  one  of  the  above 
metrics  and  the  number  of  errors. 

These  experiments  have  enabled  the  quantification  of  the  performance  degradation  caused  by 
a  unilateral  exoskeleton.  Additional  value  from  these  studies  will  be  derived  after  the  third  and 
final  baseline  is  measured  (unilateral  teleoperation);  from  these  studies  bilateral  exoskeletons  can 
then  be  evaluated  as  human  interfaces  to  telemanipulation  systems.  The  subsystems-level  approach 
adopted  here  for  teleoperator  testing  will  allow  future  comparisons  of  the  variety  of  operator  in¬ 
terface  devices,  in  addition  to  exoskeletons,  which  are  available  for  teleoperated  systems.  Because 
of  the  increasing  modularity  among  new  robotic  designs,  these  comparisons  will  aid  those  selecting 
telemanipulator  subsystems  for  future  applications.  This  is  necessary,  because  the  human  limita¬ 
tions  with  or  without  such  devices  should  drive  the  design  of  human  interfaces.  These  limitations 
should  be  objectively  quantified  by  metrics  that  can  be  easily  understood  and  can  be  used  to  com¬ 
pare  one  experimental  condition,  using  a  specific  operator  interface,  versus  another  condition.  The 
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information  capacity  metric!  presented  herein  meet  these  requirements. 


References 

[1]  Albus,  J.  S.,  McCain,  H.  G.,  and  Lumia,  R.,  “NASA/NBS  Standard  Reference  Model  Telerobot 
Control  System  Architecture  (NASREM),”  NBS  Technical  Note  1235,  1987. 

[2]  Chan,  R.  B.  and  Childress,  D.  S.,  “On  a  Unifying  Noise- Velocity  Relationship  and  Information 
Transmission  in  Human-Machine  Systems,”  IEEE  Trane.  Syst.  Man  Cybem.,  vol.  20,  no.  6, 
pp.  1125-1135,  Sep/Oct  1990. 

[3]  Draper,  J.  V.,  Moore,  W.  &.,  and  Herndon,  J.  N.,  “Effects  of  Force  Reflection  on  Servoma- 
nipulator  Task  Performance,”  Proc.  USDOE/FRG  Specialists’  Meeting  on  Remote  Systems 
Technology,  Oak  Ridge,  TN,  1987. 

[4]  Fitts,  P.  M.,  “The  Information  Capacity  of  the  Human  Motor  System  in  Controlling  the 
Amplitude  of  a  Movement,”  7.  Exp.  Psych.,  vol.  47,  pp.  381-391,  1954. 

[5]  Hannaford,  B.  and  Wood,  L.,  “Performance  Evaluation  of  a  6  Axis  High  Fidelity  Generalized 
Force  Reflecting  Teleoperator,”  Proc.  NASA  Conf.  on  Space  Telerobotics,  Pasadena,  CA,  1989. 

[6]  Julian,  R.  G.  and  Anderson,  T.  A.,  “Robotic  telepresence:  Applications  of  human  con¬ 
trolled  robots  in  Air  Force  maintenance,”  Aerospace  Simulation  1988,  Proc.  SCS  Multiconf. 
on  Aerospace  Simulation  III,  pp.  59-67,  1988. 

[7]  Mohr,  G.  C.,  “Robotic  Telepresence,”  Proc.  Human  Factors  Society  -  30th  Annual  Meeting, 
Santa  Monica,  CA,  pp.  43-44,  1986. 

[8]  Remis,  S.  J.  and  Nelson,  D.  K.,  “Force- Reflecting  Interfaces  to  Telerobotics  Testing  System 
(FITTS)  Interim  User’s  Guide,”  AAMRL  Special  Report,  Wright- Patterson  AFB,  OH,  Dec 
1990. 

[9]  Repperger,  D.  W.,  “Force  Reflection  Devices  in  Teleoperation,”  IEEE  Control  Systems  Mag¬ 
azine,  Jan  1991. 

[10]  Repperger,  D.  W.,  Remis,  S.  J.,  and  Merrill,  G.,  “Performance  Measures  of  Teleoperation 
Using  an  Exoskeleton  Device,”  Proc.  1990  IEEE  Int.  Conf.  Robot.  Automat.,  vol.  1,  pp.  552- 
557, 1990. 

[11]  Sciaky,  M.,  “Modular  Robots  Implementation,”  Handbook  of  Industrial  Robotics,  S.  Y.  NofF, 
Ed.  New  York:  John  Wiley  k  Sons,  Inc.,  1985. 

[12]  Spain,  E.  H.  and  Coppock,  D.  A.,  “Toward  Performance  Standards  for  Remote  Manipulation,” 
Proc.  IEEE  EMBS  11th  Ann.  Conf,  Seattle,  WA,  Nov  1989. 

[13]  Tesar,  D.,  “Next  Generation  of  Technology  for  Robotics,”  Mechanical  Engineering  Department, 
The  University  of  Texas  at  Austin,  Feb  1985. 

[14]  Wiker,  S.  F.,  Langolf,  G.  D.,  and  Chaffin,  D.  B.,  “Arm  Posture  and  Human  Movement  Capa¬ 
bility,”  Human  Factors,  vol.  31,  no.  4,  pp.  421-441,  1989. 


15 


« 


Appendix  A 


Unencumbered  Raw  Data  Grouped  by  Task  ID 
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Subject  1  -  Unencumbered 


Peg  diameter 
(cm) 

A 

(cm) 

ID 

bill 

n 

mt 

(msec) 

<r 

(msec) 

response 

1.50 

0.250 

16 

24 

667.542 

131.816 

1.88 

0.060 

32 

24 

750.167 

91.409 

1.97 

0.015 

64 

8.000 

24 

897.458 

172.082 

1.50 

0.250 

16 

8.006 

24 

748.208 

92.574 

1.88 

0.060 

32 

9.006 

24 

833.792 

146.186 

1.97 

0.015 

64 

10.006 

24 

1046.042 

363.014 

1.50 

0.250 

16 

10.060 

24 

846.667 

133.294 

1.88 

0.060 

32 

11.060 

24 

1028.583 

212.253 

1.97 

0.015 

64 

12.060 

24 

1021.958 

155.836 
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Subject  2  -  Unencumbered 


Peg  diameter 
(cm) 

A 

(cm) 

— 

ID 

bits 

n 

mt 

(msec) 

(T 

(msec) 

rcafxmae 

1.50 

0.250 

16 

6.000 

24 

500.333 

96.243 

1.88 

0.060 

32 

7.000 

24 

641.292 

98.722 

1.97 

0.015 

64 

8.000 

24 

740.250 

81.570 

1.50 

0.250 

16 

8.006 

24 

642.667 

121.381 

1.88 

0.060 

32 

9.006 

24 

740.333 

99.022 

1.97 

0.015 

64 

10.006 

24 

908.792 

152.797 

1.50 

0.250 

16 

10.060 

24 

762.417 

126.802 

1.88 

0.060 

32 

11.060 

24 

886.750 

193.425 

1.97 

0.015 

64 

12.060 

24 

1080.333 

197.644 
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Subject  3  -  Unencumbered 


Peg  diameter 
(cm) 

w 

2 

(cm) 

A 

(cm) 

ID 

bits 

H 

mt 

(msec) 

a 

(msec) 

response 

1.50 

0.250 

16 

6.000 

24 

528.417 

75.541 

1.88 

0.060 

32 

7.000 

24 

616.917 

77.614 

1.97 

0.015 

64 

8.000 

24 

739.458 

115.679 

1.50 

0.250 

16 

8.006 

24 

664.458 

123.431 

1.88 

0.060 

32 

9.006 

24 

775.125 

99.014 

1.97 

0.015 

64 

10.006 

24 

909.000 

123.561 

1.50 

0.250 

16 

10.060 

24 

734.750 

85.207 

1.88 

0.060 

32 

11.060 

24 

867.708 

184.425 

1.97 

0.015 

64 

12.060 

24 

968.083 

201.722 
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Subject  4  -  Unencumbered 


Peg  diameter 
(cm) 

A 

(cm) 

ID 

bit » 

n 

B 

or 

(msec) 

response 

1.50 

0.250 

16 

6.000 

24 

579.042 

140.099 

1.88 

0.060 

32 

7.000 

24 

601.208 

106.348 

1.97 

0.015 

64 

8.000 

24 

743.958 

120.894 

1.50 

0.250 

16 

8.006 

24 

668.875 

137.326 

1.88 

0.060 

32 

9.006 

24 

688.500 

78.070 

1.97 

0.015 

64 

10.006 

24 

889.792 

142.285 

1.50 

0.250 

16 

10.060 

24 

767.042 

145.351 

1.88 

0.060 

32 

11.060 

24 

873.833 

162.670 

1.97 

0.015 

64 

12.060 

24 

950.833 

156.811 
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Subject  5  -  Unencumbered 


Peg  diameter 
(cm) 

A 

(cm) 

ID 

bit* 

n 

<T 

(msec) 

response 

1.50 

0.250 

16 

6.000 

24 

463.625 

98.970 

1.88 

0.060 

32 

24 

521.958 

85.744 

1.97 

0.015 

64 

8.000 

24 

656.083 

144.441 

1.50 

0.250 

16 

8.006 

24 

619.208 

134.272 

1.88 

0.060 

32 

9.006 

24 

612.792 

64.414 

1.97 

0.015 

64 

10.006 

24 

760.708 

128.700 

1.50 

0.250 

16 

10.060 

24 

722.750 

111.463 

1.88 

0.060 

32 

11.060 

24 

778.792 

148.622 

1.97 

0.015 

64 

12.060 

24 

962.250 

252.253 
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Subject  6  -  Unencumbered 


Peg  diameter 
(cm) 

A 

(cm) 

ID 

bit  a 

n 

mt 

(msec) 

<T 

(msec) 

response 

1.50 

0.250 

16 

6.000 

24 

560.750 

105.581 

1.88 

0.060 

32 

7.000 

24 

678.750 

104.435 

1.97 

0.015 

64 

8.000 

24 

756.875 

192.863 

1.50 

0.250 

16 

8.006 

24 

681.875 

78.964 

1.88 

0.060 

32 

9.006 

24 

760.333 

133.119 

1.97 

0.015 

64 

10.006 

24 

895.167 

120.506 

1.50 

0.250 

16 

10.060 

24 

766.958 

131.590 

1.88 

0.060 

32 

11.060 

24 

820.083 

90.741 

1.97 

0.015 

64 

12.060 

24 

1069.208 

233.921 
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Subject  7  -  Unencumbered 


Peg  diameter 
(cm) 

RjjS 

A 

(cm) 

ID 

bit» 

n 

mt 

(msec) 

a 

(msec) 

response 

1.50 

0.250 

16 

24 

542.000 

382.300 

1.88 

0.060 

32 

7.000 

24 

507.750 

95.366 

1.97 

0.015 

64 

8.000 

24 

615.792 

127.930 

1.50 

0.250 

16 

8.006 

24 

544.583 

85.468 

1.88 

0.060 

32 

9.006 

24 

607.250 

176.499 

1.97 

0.015 

64 

10.006 

24 

707.792 

140.921 

1.50 

0.250 

16 

10.060 

24 

682.667 

200.220 

1.88 

0.060 

32 

11.060 

24 

693.333 

123.407 

1.97 

0.015 

64 

12.060 

24 

780.875 

155.605 
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Appendix  B 


Unencumbered  mt  vs.  ID  for  AH  Tasks 


24 


Subject  1  Unencumbered 

All  Data  Points 


25 
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Subject  3  Unencumbered 

All  Data  Points 


Subject  4  Unencumbered 

All  Data  Points 


28 


Subject  5  Unencumbered 

All  Data  Points 


29 


ject  6  Unencumbered 

All  Data  Points 


Subject  7  Unencumbered 

All  Data  Points 


1 
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Appendix  C 


Unencumbered  mt  vs.  ID,  Excluding  Nonlinear  Data  Points 


32 


Subject  2  Unencumbered 

Linear  Data  Points 


34 


Subject  3  Unencumbered 

Linear  Data  Points 


Subject  5  Unencumbered 

Linear  Data  Points 


37 


38 


Subject  7  Unencumbered 

Linear  Data  Points 
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Appendix  D 


Unencumbered  mt  vs.  ID  Extrapolated  to  ID  =  0 


40 


41 


Subject  3  Unencumbered 

Linear  Data  Points 


43 


44 


Subject  5  Unencumbered 

Linear  Data  Points 


r 


45 


46 


Subject  7  Unencumbered 

Linear  Data  Points 
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Appendix  E 


Raw  Data  Wearing  MBA  Exoskeleton  Grouped  by  Task  ID 


Subject  1  -  Wearing  MBA  Exoskeleton 


Peg  diameter 
(cm) 

A 

(cm) 

ID 

bits 

n 

mt 

(msec) 

<T 

(msec) 

response 

1.50 

0.250 

16 

6.000 

24 

741.958 

87.053 

1.88 

0.060 

32 

7.000 

24 

851.542 

168.478 

1.97 

0.015 

64 

8.000 

24 

1129.833 

321.515 

1.50 

0.250 

16 

8.006 

24 

924.250 

175.081 

1.88 

0.060 

32 

9.006 

24 

999.833 

156.009 

1.97 

0.015 

64 

10.006 

24 

1153.375 

112.317 

1.50 

0.250 

16 

10.060 

24 

1009.125 

125.178 

1.88 

0.060 

32 

11.060 

24 

1150.583 

173.395 

1.97 

0.015 

64 

12.060 

24 

1438.750 

266.706 
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Subject  2  -  Wearing  MBA  Exoskeleton 


Peg  diameter 
(cm) 

A 

(cm) 

ID 

bitg 

B 

mt 

(msec) 

a 

(msec) 

response 

1.50 

0.250 

16 

U 

24 

616.250 

102.382 

1.88 

0.060 

32 

1 

24 

721.375 

111.502 

1.97 

0.015 

64 

8.000 

24 

962.833 

151.676 

1.50 

0.250 

16 

8.006 

24 

724.833 

90.738 

1.88 

0.060 

32 

9.006 

24 

862.458 

114.188 

1.97 

0.015 

64 

10.006 

24 

1067.583 

164.955 

1.50 

0.250 

16 

10.060 

24 

897.333 

147.651 

1.88 

0.060 

32 

11.060 

24 

1034.417 

132.109 

1.97 

0.015 

64 

12.060 

24 

1259.750 

235.352 
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Subject  3  -  Wearing  MBA  Exoskeleton 


Peg  diameter 
(cm) 

jr 

2 

(cm) 

A 

(cm) 

ID 

bil» 

n 

mt 

(msec) 

<r 

(msec) 

response 

1.50 

0.250 

16 

6.000 

24 

630.958 

62.509 

1.88 

0.060 

32 

7.000 

24 

695.167 

60.930 

1.97 

0.015 

64 

8.000 

24 

922.958 

165.700 

1.50 

0.250 

16 

8.006 

24 

741.500 

75.983 

1.88 

0.060 

32 

9.006 

24 

883.167 

134.213 

1.97 

0.015 

64 

10.006 

24 

1050.208 

127.230 

1.50 

0.250 

16 

10.060 

24 

928.708 

154.933 

1.88 

0.060 

32 

11.060 

24 

978.917 

125.329 

1.97 

0.015 

64 

12.060 

24 

1230.875 

135.345 
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Subject  4  -  Wearing  MBA  Exoskeleton 


Peg  diameter 
(cm) 

m 

ID 

biln 

n 

mt 

(msec) 

<T 

(msec) 

rcaponae 

1.50 

0.250 

16 

6.000 

24 

773.875 

177.820 

1.88 

0.060 

32 

7.000 

24 

769.875 

122.446 

1.97 

0.015 

64 

8.000 

24 

870.125 

96.008 

1.50 

0.250 

16 

8.006 

24 

847.792 

147.792 

1.88 

0.060 

32 

9.006 

24 

955.500 

220.640 

1.97 

0.015 

64 

10.006 

24 

1114.083 

227.601 

1.50 

0.250 

16 

10.060 

24 

1042.042 

247.264 

1.88 

0.060 

32 

11.060 

24 

1039.208 

183.573 

1.97 

0.015 

64 

12.060 

24 

1199.250 

184.737 
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Subject  5  -  Wearing  MBA  Exoskeleton 


Peg  diameter  y  A  ID  n  mt 
(cm)  (cm)  (cm)  (msec) 


1.50 

0.250 

16 

1.88 

0.060 

32 

1.97 

0.015 

64 

1.50 

0.250 

16 

1.88 

0.060 

32 

1.97 

0.015 

64 

1.50 

0.250 

16 

1.88 

0.060 

32 

1.97 

0.015 

64 

6.000 

24 

563.667 

7.000 

24 

620.208 

8.000 

24 

724.000 

8.006 

24 

723.667 

9.006 

24 

795.500 

10.006 

24 

911.583 

10.060 

24 

838.917 

11.060 

24 

859.167 

12.060 

24 

1101.375 

<r 

(msec) 

107.866 

116.553 

67.978 

217.256 

163.808 

95.760 

137.780 

121.557 

182.706 
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Subject  6  -  Wearing  MBA  Exoskeleton 


Peg  diameter 
(cm) 

A 

(cm) 

ID 

bits 

B 

mt 

(msec) 

or 

(msec) 

response 

1.50 

0.250 

16 

24 

758.417 

118.031 

1.88 

0.060 

32 

24 

880.333 

164.181 

1.97 

0.015 

64 

8.000 

24 

1090.333 

233.457 

1.50 

0.250 

16 

8.006 

24 

890.958 

233.213 

1.88 

0.060 

32 

9.006 

24 

1023.625 

254.442 

1.97 

0.015 

64 

10.006 

24 

1195.958 

231.045 

1.50 

0.250 

16 

10.060 

24 

1154.708 

335.473 

1.88 

0.060 

32 

11.060 

24 

1269.333 

565.412 

1.97 

0.015 

64 

12.060 

24 

_ _ 

1482.042 

410.447 
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Subject  7  -  Wearing  MBA  Exoskeleton 


Subject  1  w/  Exoskeleton 

All  Data  Points 


57 


Subject  2  w/  Exoskeleton 

All  Data  Points 
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Subject  4  w/  Exoskeleton 

All  Data  Points 


61 


Subject  6  w/  Exoskeleton 

All  Data  Points 


62 


Subject  7  w/  Exoskeleton 

All  Data  Points 


63 


Appendix  G 


mt  vs.  ID  Wearing  MBA  Exoskeleton,  Excluding  Nonlinear  Data  Points 


t>4 


65 


Subject  2  w/  Exoskeleton 

Linear  Data  Points 
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Subject  3  w/  Exoskeleton 

Linear  Data  Points 
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msec 
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Subject  5  w/  Exoskeleton 

Linear  Data  Points 
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Subject  7  w/  Exoskeleton 

Linear  Data  Points 


Appendix  H 


mt  vi.  ID  Wearing  MBA  Exoakeleton  Extrapolated  to  ID  =  0 


72 


73 


Subject  2  w/  Exoskeleton 

Linear  Data  Points 
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75 


76 


77 


t  6  w/  Exoskeleton 

inear  Data  Points 
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Appendix  I 


Coefficients  of  Variation 
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Coefficients  of  Variation 

Average  Across  Seven  Subjects 


Subject  1 

Coefficients  of  Variation 


82 


Subject  2 

oefficients  of  Variation 
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Subject  3 

Coefficients  of  Variation 
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Subject  4 

Coefficients  of  Variation 


85 


86 


Subject  6 

Coefficients  of  Variation 


87 
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Appendix  J 


Two-dimensional  Analysis  of  Data 


89 


Subject  1 

Dual  Task  Paradigm 


T 
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To  differentiate  between  lines,  the  data  points  have  been  adjusted  to 
fall  on  the  best-fit  lines.  For  actual  values  see  Appendices  B  and  F. 


Subject  2 

Dual  Task  Paradigm 


91 


To  differentiate  between  lines,  the  data  points  have  been  adjusted  to 
faii  on  the  best-fit  lines.  For  actual  values  see  Appendices  B  and  F. 


Subject  3 

Dual  Task  Paradigm 


n 


To  differentiate  between  lines,  the  data  points  have  been  adjusted  to 
fall  on  the  best-fit  lines.  For  actual  values  see  Appendices  B  and  F. 


I 
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Subject  5 

Dual  Task  Paradigm 


To  differentiate  between  lines,  the  data  points  have  been  adjusted  to 
fall  on  the  best-fit  lines.  For  actual  values  see  Appendices  B  and  F. 


95 


Subject  7 

Dual  Task  Paradigm 


To  differentiate  between  lines,  the  data  points  have  been  adjusted  to 
fall  on  the  best-fit  lines.  For  actual  values  see  Appendices  B  and  F. 


